

[image: image1]
Weakening Dust Storm Intensity in Arid Central Asia Due to Global Warming Over the Past 160 Years












	 
	ORIGINAL RESEARCH
published: 21 July 2020
doi: 10.3389/feart.2020.00284





[image: image]

Weakening Dust Storm Intensity in Arid Central Asia Due to Global Warming Over the Past 160 Years

Jin Zhang1, Hai Xu1*, Jianghu Lan2, Li Ai2, Enguo Sheng2, Dongna Yan2, Kang’en Zhou2, Keke Yu2, Yunping Song1, Shuang Zhang1 and Adi Torfstein3

1Institute of Surface-Earth System Science, Tianjin University, Tianjin, China

2State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an, China

3Institute of Earth Sciences, The Hebrew University of Jerusalem, Jerusalem, Israel

Edited by:
Gary E. Stinchcomb, Murray State University, United States

Reviewed by:
Fahu Chen, Institute of Tibetan Plateau Research (CAS), China
Zongli Wang, Lanzhou University, China

*Correspondence: Hai Xu, xuhai@tju.edu.cn

Specialty section: This article was submitted to Quaternary Science, Geomorphology and Paleoenvironment, a section of the journal Frontiers in Earth Science

Received: 27 April 2020
Accepted: 18 June 2020
Published: 21 July 2020

Citation: Zhang J, Xu H, Lan J, Ai L, Sheng E, Yan D, Zhou K, Yu K, Song Y, Zhang S and Torfstein A (2020) Weakening Dust Storm Intensity in Arid Central Asia Due to Global Warming Over the Past 160 Years. Front. Earth Sci. 8:284. doi: 10.3389/feart.2020.00284

Dust storms occur frequently in arid central Asia (ACA) and greatly influence the regional ecology/environment, human health, and security, as well as the global climate. To date, neither the patterns nor the underlying mechanisms of dust storms in ACA are fully understood, partly due to the lack of long-term historical records. Here, we reconstruct a dust storm history of the past ∼160 years in northwest China, based on high-resolution sedimentary proxies retrieved from Lake Karakul (located in the core zone of ACA). We find that changes in the sedimentary coarse fraction (grain size > 64 μm) in Lake Karakul are correlated with both historical and modern observed dust storms. The reconstructed dust storm intensity shows a decreasing trend since AD 1850s, with three high occurrence intervals at AD 1870s–1910s, AD 1930s–1940s, and AD 1960s–1980s. We contend that changes in temperature and wind speed could have dominated the frequency and intensity of dust storms in northwest China during the record periods: temperature controls the wind speed and then the dust storm frequency/intensity; lower temperature corresponding to higher wind speed, and higher dust storm frequency/intensity, and vice versa. The observed anthropogenic global warming could have led to a decrease in atmospheric temperature gradients and decline in wind speed and then decreasing dust storm frequency/intensity. Providing this stands, less and weaker dust storms are expected under a continuously anthropogenic warming scenario.
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KEY POINTS


-A 160-year dust storm history over arid central Asia was reconstructed based on high-resolution (0.8-year per sample) sedimentary records.

-Both the dust storm frequency and intensity are attenuated against the recent global warming.

-Temperature-sensitive wind speed is the controlling factor of arid central Asia dust storms.





INTRODUCTION

The dust storms over arid central Asia (ACA), including their frequency/intensity, sources, and transport paths, are widely concerned in studies on global dust and climate changes. Dust emitted from ACA accounts for ∼25% of total global dust emissions, which may exert significant influences on global climate and hydrological and biogeochemical cycles (Jickells et al., 2005; Uno et al., 2009; Booth et al., 2012), by altering the Earth’s solar radiation budget (Booth et al., 2012), and oceanic primary productivity through iron fertilization (Jickells et al., 2005), etc. However, to date, the patterns and the underlying mechanisms of dust storms over ACA are not fully understood. Viewpoints are divergent with regards to the relationship between the dust storms (frequency, intensity, etc.) and climate factors (e.g., precipitation, temperature, and wind speed). For example, several studies contend that changes in dust storm frequency/intensity over central Asia could possibly be attributed to precipitation (Liu et al., 2004; Wang, 2005; Tenzin et al., 2016), whereas other studies, based on modeling, lake sediment, and ice core records, suggest that the dust storm activity could be largely influenced by temperature (Wang et al., 2006; Liu et al., 2014b; Grigholm et al., 2015; Zhou et al., 2019). The role of temperature is also under debate. A large number of researchers contend that dust storms frequently occur in cold conditions (Wang et al., 2006; Chen et al., 2013; Wu et al., 2013; Zhou et al., 2019), whereas some others, like Liu et al. (2014b), argued that the increased temperatures may also lead to intensified dust activity. Therefore, it is necessary to develop more solid long-term high-resolution records to understand how dust storms respond to climate changes over ACA.

Lake sediments in arid/semiarid areas are one of the most important archives to record the dust storm history (Wang et al., 2009; Huang et al., 2011; Chen et al., 2013, 2020; Qiang et al., 2014). Wang et al. (2009) reconstructed a past 4,000-year dust storm history in northern Tibetan Plateau, based on the coarse fraction (>64 μm) retrieved from Lake Kusai. Huang et al. (2011) recovered a 2,000-year history of wind intensity/dust storm in western central Asia, using both the grain-size fraction ratio (6–32/2–6 μm) and Ti contents from Aral Sea sediments. Here, we reconstruct a ∼160-year history of dust storm frequency/intensity at Lake Karakul, ACA, based on a high-resolution (∼0.8-year per sample) sedimentary grain size sequence, with an attempt to explore the possible driving mechanisms of dust storms over ACA.



BACKGROUND AND METHOD

Lake Karakul (38°25′50″–38°27′34″N; 75°02′16″–75°04′10″E; 3,650 m asl; Figures 1a,b) is a semiclosed alpine moraine lake located in the Pamir Plateau, surrounded by the Karakum and Kyzylkum deserts in the west, the Taklimakan desert in the east, and the Thar desert in the south (Figure 1a). The lake currently has a surface area of ∼10 km2, with a maximum depth of 20 m (Yan et al., 2019). According to meteorological records from Tashkurghan station (Figure 1a; ∼75 km southwards to Lake Karakul; altitude, 3,090 m; 1957–2015 AD), annual temperature around the study area ranges between 2.15 and 5.25°C, with an average of 3.61°C; annual precipitation varies between 20.1 and 141.8 mm, with a mean of 74.9 mm, and 65% of the rainfall occurs from May to September (Yan et al., 2019). Annual evaporation around the study area is over 1,500 mm (Yan et al., 2019), much higher than annual precipitation. The seasonal distribution of temperature indicates that the ice cover in Lake Karakul should be melted before April (Supplementary Figure S1). Lake water is mainly fed by snowmelt from Muztagh Glacier in the southeast (Liu et al., 2014a). Lake Karakul watershed has sparse vegetation, and 90% of the land in the catchment is desert (Adilijiang et al., 2016; Figure 1b). Modern observations show that the high average wind speed, strong winds (≥10 m/s), and dust storm events mainly occur during spring (Figure 1c and Supplementary Figure S2).
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FIGURE 1. Panel (a) Overview map showing the location of Lake Karakul (red hexagon) and ice core sites (green circles) and tree ring site (purple circle) mentioned in the text. Site numbers in panel a denote meteorological stations (blue circles; Supplementary Table S1). Arrows show wind field of April-June [850 hPa; 1979–2008 NCEP (National Centers for Environmental Prediction) reanalysis data]. Panel (b) shows the Lake Karakul catchment (redrawn from Yan et al., 2019), and the sampling site (red triangle). Panel (c) shows seasonal distribution of dust storm and high wind speed days (speed ≥ 10 m/s) in the central and western Tarim Basin. The dust storm days in panel (c) are the accumulated monthly dust storm days of 9 stations during 1960–2005 AD (Supplementary Table S1); and the accumulated high wind speed days are the monthly high wind speed days of 5 stations during 1981–2010 AD (Supplementary Table S1).


In August 2013, a 1.11-m surface sediment core (KLKL 13-2) was retrieved from the deepest part of Lake Karakul, using a 60-mm UWITEC gravity corer (100% sediment recovery; N 38.4428°, E 75.06104°; and water depth, ∼19.5 m; Figure 1b). The core was subsampled in situ at 0.5-cm intervals, and an accurate age model was established by 210Pb–137Cs dating method (Yan et al., 2019). Considering the great and variable old carbon effects that widely existed in lake sediments in northwest China (Zhou et al., 2020), we did not use the 14C ages to augment our age model (Yan et al., 2019). The average sedimentation rate is ∼0.7 cm/year, and such a high sedimentation rate enables a potential reconstruction of a high-resolution dust storm history. The sedimentary grain size and total organic carbon content (TOC) of this core were previously determined (Yan et al., 2019). The fine fraction (<10 μm) of the last 60 years has been used to support the viewpoint that temperature variations dominated by changes in solar activity could have influenced the local glacier sizes and hydroclimatic conditions (Yan et al., 2019). In this study, we use the coarse fraction (>64 μm) to trace the dust storms and discuss the potential dust source and forcing mechanisms. The observed dust storm days, temperature, and wind speed data of surrounding stations are obtained from the Chinese Meteorological Administration.



RESULTS


Grain Size Fractions Analysis

As shown in Figure 2A, the grain-size frequency distributions of core KLKL13-2 at different depths were characterized by trimodal, including three obvious peaks approximately at 0.8, 8, and 500 μm. Overall, the sedimentary particles of core KLKL13-2 are mainly composed of three apparent grain-size fractions, namely, clay fraction (<4 μm), silt fraction (4–64 μm), and sand fraction (>64 μm), and the variations of these three fractions versus depth are shown in Figure 2B. Thereinto, the silt (4–64 μm), and clay (<4 μm) are the major fractions, accounting for 63.5% (ranging from 51.6 to 85.5%), and 33.5% (ranging from 14.5 to 48.1%) on average, respectively (Figure 2B). The proportion of sand fraction (>64 μm) is relatively low, only contributing 3% on average (varying from 0 to 14.8%; Figure 2B). The sand fraction shows three obvious high stages, namely, AD 1870s–1910s, AD 1930s–1940s, and AD 1960s–1980s. Among those high stages, AD 1870s–1900s is the most striking one, during which the >64 μm fraction increased dramatically from approximately 0 up to 14%, indicating that a large number of coarse particles were reloaded into the lake at that time.
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FIGURE 2. (A) Grain-size frequency distribution patterns of sediments of core KLKL13-2 during the intervals of AD 1870s–1900s, AD1910s, AD 1930s–1940s, and AD 1960s–1980s (the relevant dust storm events are shown in Figure 4); (B) Proportions of three major fractions: clay (<4 μm, pink), silt (4–64 μm, blue), sand (>64 μm, red) fraction in core KLKL13-2.




Proxy for Dust Storm and Comparison With Metrological Records

The grain-size trimodal distribution patterns in core KLKL13-2 reflect that the particles were transported by different processes. Around the lake, there is no evident surface runoff except the glacier-fed streams; coarse particles can hardly be brought to the central deepest basin except through the air. The contribution of ice-trapped sand particles as suggested by Chen et al. (2013, 2020) cannot be excluded, but it could be insignificant because dust particles deposited on ice surface can hardly be accumulated and kept for a long time; they tend to be quickly moved away by winds. Recent studies suggest that the dust particles with diameters >75 μm could be transported by a long distance (even > 1,000 km; Maring et al., 2003; van der Does et al., 2018). Meteorological observations confirm that the sand fraction accounts for more than 60% of deposits during dust storms, with a modal grain size mainly distributed between 100 and 300 μm (Qiang et al., 2010). We examined the components of >64 and 64–300 μm in lake sediment of Lake Karakul and found that they are similar in trends (Supplementary Figure S3), suggesting that the >300 μm component could also share similar behavior with the 64–300 μm component in this case study. Previous studies also interpret such sand-sized particles as products of episodic suspension dust from adjacent sources during strong dust outbreaks (Chen et al., 2013; Qiang et al., 2014; Han et al., 2019) and frequently use the variations of the coarse components to trace dust storm history. The observed dust storm events of seven stations in the western Tarim Basin do not synchronize very well with one another during 1960–2005 AD (see Supplementary Figure S4), which possibly suggests that the dust storm occurrences are somewhat regional on short-term scales, like seasonal to annual scales. However, almost all the stations show a decreasing long-term trend in dust storm occurrences, suggesting that although the dust storm events are rather regional, the long-term trends are similar for adjacent sites. As shown in Figure 3, the sedimentary proportion of sand fraction (>64 μm) in core KLKL13-2 exhibits a similarly decreasing trend with the observed dust storm days in northwest China over the past 45 years (Zhou et al., 2006; Li et al., 2008), suggesting that the sand fraction (>64 μm) in core KLKL13-2 can be used as an indicator of dust storm activity.
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FIGURE 3. Comparison of the volume percentage of the >64 μm fraction in Lake Karakul sediments (curve d, red, and this study) with observed dust storm days in arid northwest China (curve a–c). Curve a (blue) accumulated dust storm and blowing sand days at 175 stations in north China from 1962 to 2002 AD (Zhou et al., 2006). Curve b (pink) averaged dust storm days of 38 stations in south Xinjiang from 1961 to 2005 AD (Li et al., 2008). Curve c (green) dust storm days at 7 stations in western Tarim Basin from 1960 to 2005 AD (the dust storm time series of each station are provided in Supplementary Figure S4).




Reconstruction of Dust Storm History in Arid Central Asia

The dust storm frequency/intensity changes inferred from the sedimentary sand fraction at Lake Karakul show an obvious decreasing trend over the past 160 years, characterized by three obvious strengthened periods, namely, AD 1870s–1910s, AD 1930s–1940s, and AD 1960s–1980s (Figure 4i). These high dust storm intervals are broadly correlated with those captured in ice cores in ACA, such as Kuokuosele in the Pamirs (Figure 4b; Tenzin et al., 2016), and Geladaindong (Figure 4c; Grigholm et al., 2015), Tanggula (Figure 4d; Wu et al., 2013), and Malan (Figure 4f; Wang, 2005) in the Tibetan Plateau.
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FIGURE 4. Comparison between dust storm history at Lake Karakul (curve i; inferred from the >64 μm sedimentary gain-size fraction; this study), historical dust events frequency records in northern China (curve a; Zhang, 1984), dirty ratio in the Kuokuosele ice core (curve b; Tenzin et al., 2016), Ca concentrations in the Geladaindong ice core (curve c; Grigholm et al., 2015), mean diameter of dust in the Tanggula ice core (curve d; Wu et al., 2013), historical dust events in Korea (curve e; Chun et al., 2008), dirty ratio in the Malan ice core (curve f; Wang et al., 2007), nssMg2+ from ice core in Mt. Logan, Canada (curve g; Kang et al., 2003), and historical dust event records around Lake Karakul (curve h; He et al., 2004). Red thin lines in plots b, c, f, g, and i show the linear trends; the vertical gray shaded bars indicate high frequent/intensive dust storm stages; the pale-yellow rectangle in curve d shows the AD 1930s–1950s dustiness period recorded in Tanggula ice core.


The Little Ice Age (LIA) cold climate and the twentieth century warming are global phenomena, and lines of evidence indicate that the LIA approximately ended at the beginning of the twentieth century around the study area (Yan et al., 2019). The proportion of sand fraction (>64 μm) was distinctively higher before AD 1910s, suggesting high dust storm frequency/intensity at the end of the LIA, which is also recorded by the Chinese historical literatures (Zhang, 1984; Figure 4a), and by the dirty ratio in the Kuokuosele ice core (Tenzin et al., 2016; Figure 4b), while the relative higher sand fraction during AD 1930s–1940s is documented by the variations in Ca concentrations of the Geladaindong ice core (Grigholm et al., 2015; Figure 4c), by the mean diameter of dust in the Tanggula ice core (Wu et al., 2013; Figure 4d), and by the observed dust event records in Korea (Chun et al., 2008; Figure 4e). Dust records from the Malan ice core (Figure 4f) also show that dust events in northern China frequently occurred during the period 1930–1940 AD (Wang et al., 2007). The proportion of sand fraction (>64 μm) shows an obviously decreasing trend over the past 50 years, suggesting generally low dust storm activity. The grain size-inferred dust storms from AD 1960s to AD 1980s broadly coincided with the observed windstorm disasters around the study area during 1960–1990 AD (He et al., 2004; see stars in Figure 4h).



DISCUSSION


Correlation of Dust Storm Activity With Climate Factors

Climate elements (e.g., precipitation, wind speed, and temperature) are important factors influencing the dust storm occurrence or frequency/intensity (Qian et al., 2002; Gao et al., 2003; Kurosaki and Mikami, 2003; Zhang et al., 2017). However, which climate element dominates remains controversial. In fact, most dust sources in northwest China are located in superarid regions, where annual evaporation is significantly higher than annual precipitation. Although several studies have shown that precipitation may impact dust storm activity by changing soil moisture and vegetation coverage (Gao et al., 2003; Liu et al., 2004; Tenzin et al., 2016), whether the increase in precipitation can significantly improve the surface moisture contents in arid zone is still uncertain (Zhou et al., 2019) because the increases in evaporation could be larger than those in precipitation. The sedimentary TOC content in Lake Karakul has been documented to be well correlated with precipitation (Yan et al., 2019); higher TOC content generally corresponding to increased precipitation, and vice versa (Figures 5f,g). The comparison between the sand fraction and TOC content in Lake Karakul shows a loose connection (Figures 5g,h), implying a weak linkage between the dust storm frequency/intensity and precipitation in this area. According to Adilijiang et al. (2016), the proportion of vegetation coverage in Lake Karakul area had a limited increase, growing from 3.61% in 1990 AD to 3.79% in 2010 AD. Therefore, the increase in precipitation can hardly obviously change the surface conditions (e.g., soil moisture and vegetation coverage) in the dust source areas, at least in the Lake Karakul area. Consequently, contrasting to the previous studies, we infer that precipitation may not be the primary controlling factor of dust storm outbreaks in the study area.
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FIGURE 5. Comparison between the dust storm records at Lake Karakul (curve h; this study), annual mean wind speed (curve a; note it is inversely plotted), and temperature (curve b) recorded by 11 stations in the western Tarim Basin (Supplementary Table S1 and Figure 1a), δ18O in Guliya ice core (curve c; Yao et al., 2006), the reconstructed temperature in northwest China by tree-ring width (curve d; Liu et al., 2016), total solar irradiance (curve e; Coddington et al., 2016), annual precipitation recorded at Tashkurghan station (curve f), and sedimentary TOC in Lake Karakul sediments (curve g; Yan et al., 2019). Red thin lines in plots d, e, and h show the linear trends.


Wind speed is also suggested to have a positive correlation with dust storm frequency/intensity across northern China (Kurosaki and Mikami, 2003; Liu et al., 2004; Zhou et al., 2006; Chen et al., 2013; Grigholm et al., 2015). According to the meteorological observations around Lake Karakul, the dust storms most frequently occurred during spring (from March to June; Figure 1c), coinciding with those along the path of Northern Hemisphere dust transport, such as north China (Wang et al., 2005), Korea (Kurosaki and Mikami, 2003), Japan (Kurosaki and Mikami, 2003), north America (Hahnenberger and Nicoll, 2012), and Greenland (Bory et al., 2003). The temporal consistency among dust storms may be related to wind speed at a global scale (Mahowald et al., 2007). Whereas, the wind speed threshold value of dust storm outbreaks is closely related to the land surface conditions, including the vegetation coverage and soil moisture (Yang et al., 2017). Considering the sparse vegetation cover around Lake Karakul, the wind speed of 10 m/s was used as a threshold value of dust storm outbreaks in this study. As mentioned in Background and Method, the seasonal distribution of the observed dust storms and strong winds (≥10 m/s) are similar with the maximal peak in spring over the past decades (Figure 1c). Furthermore, the sand fraction (>64 μm) in Lake Karakul correlated well with the average annual wind speed in the west of Tarim Basin (Figures 5a,h; r = 0.46), supporting again that the wind speed could significantly influence the dust storm frequency/intensity, which has been further substantiated in studies in Xinjiang and the Tibetan Plateau (Li et al., 2008; Grigholm et al., 2015).

Temperature is an important controlling factor for wind speed and then for the dust storm activity (Wang et al., 2006; Grigholm et al., 2015; Han et al., 2019). Based on the oxygen isotope and grain size records retrieved from the Tanggula ice core in Tibetan Plateau, Wu et al. (2013) pointed out that dust storms frequently occurred in cold conditions. A recent study by Han et al. (2019) also suggested that the decreasing temperature could have led to the outbreak of dust storms in the Tarim Basin. Dust storm activities revealed by the grain size of the sediments of Lake Karakul show a negative correlation to the total solar irradiance (Coddington et al., 2016; Figure 5e), to temperatures in northwest China reconstructed by tree-ring width (Liu et al., 2016; Figure 5d), and to temperatures inferred from δ18O in the Guliya ice core (Yao et al., 2006; Figure 5c), suggesting that the decreasing trend of dust storm activity in northwest China might be attributed to the rising temperature. According to meteorological data, the average annual wind speed in the west of Tarim Basin is negatively correlated with temperature over the past 50 years (1960–2012 AD; r = -0.324; Figures 5a,b). The decreased temperature could greatly promote the surface pressure gradient, hence increase the wind speed, and eventually leading to the outbreak of dust storms, as supported by the meteorological data in north China and dust records in Tarim Basin and Tibetan Plateau (Zhou et al., 2006; Grigholm et al., 2015; Han et al., 2019). To summarize, a lower temperature corresponds to higher wind speed and higher dust storm frequency/intensity over the study area, and vice versa.



Possible Dust Sources

The sources of dust over ACA are complex. Recent researches generally argued that the sand fraction (>64 μm) mainly derived from local sources with relatively limited transport distance (Chen et al., 2013; Qiang et al., 2014; Han et al., 2019). Based on the geographical and geological setting of Lake Karakul, the sand-sized particles may primarily originate from the surrounding high-altitude mountains via glacial grinding, frost, and salt weathering. These mountain processes can produce abundant detritus sediments (Sun, 2002); once formed, the coarse sediments were deflated by strong winds and transported to the lake. Consequently, the local moraine may be a primary source of the sedimentary coarse particles. However, besides partly contributed from proximal areas, the sedimentary fine fraction could have distant source regions. According to back trajectory analysis, the major air mass trajectories at Lake Karakul come from the west (Yan et al., 2019), suggesting that the deserts in ACA areas such as Karakum and Kyzylkum could be the potential dust sources. On the other hand, dust storm events in northwest China occur frequently in the south Xinjiang (Tarim) region (Wang et al., 2005), and dust clouds produced from the dust events in Taklimakan desert can be lifted up to the Tibetan Plateau (Uno et al., 2009). From the dust transport routes proposed by Sun et al. (2001), an eastward branch of the cold air mass might contribute dust particles from the Tarim Basin (Taklimakan desert) to Lake Karakul. Based on the Sr–Nd isotopic compositions of insoluble particles, Xu et al. (2012) also suggested that the Taklimakan desert may be a potential dust source for the Muztagata glacier area. Tenzin et al. (2016) presented a significant positive correlation between the Kuokuosele ice core dirty ratio and the observed dust storms over ACA as well as those over northern Tibetan Plateau, suggesting both sources could have contributed dust to the ice core. Lake Karakul, the Muztagata glacier, and the Kuokuosele glacier are all located in the eastern Pamirs, sharing a similar atmospheric circulation background and therefore could have similar dust sources. To summarize, the fine dust particles in Lake Karakul area likely originate from both the deserts over ACA areas to its west, such as the Karakum, Kyzylkum, and the Taklimakan desert to its east.



Possible Forcing for Dust Storm Frequency/Intensity Changes

Some studies proposed that the Siberian High could play an important role in dominating the dust storm occurrence at ACA (Sun et al., 2001; Chen et al., 2013; Zhou et al., 2019). For example, Chen et al. (2013) suggested that occurrence of dust storms in northwest China is largely related to the strengthening of Siberian High. However, some others contend that the dust storm activity could be possibly correlated to the changes in the westerly jet stream (Wang, 2005; Zhong and Li, 2005; Han et al., 2019), i.e., strengthened westerlies during colder climatic conditions could increase surface wind speed by facilitating downward transfer of high-level momentum to near earth surface, and hence intensified dust storm activities (Han et al., 2019), vice versa. Recent studies show that wind speed is reduced gradually with the decrease in temperature gradient caused by recent warming in northwest China (Wang, 2005; Grigholm et al., 2015; Zhang et al., 2017), which may lead to reduced dust outbreaks. For instance, some studies have ascribed the declined dust storm activity on the Tibetan Plateau over the past 200 years (Wang, 2005) and that in north China over the past 50 years (Zhu et al., 2008) to the weakening in wind speed.

The arid southwestern United States is also identified as a dust source for the Atlantic coast and Greenland (Donarummo et al., 2003; Park et al., 2007). The dust fall events in North America also showed a decreasing trend for the past 150 years, as inferred from the dust records from an ice core in Yukon Territory of Canada (Kang et al., 2003; Figure 4g). We propose that the similarly decreasing dust storm trends between Lake Karakul area, ACA areas, and north America possibly suggest similar changes in northern hemisphere westerly jet stream.

As temperature gradients may influence the location of the westerly jet stream and hydroclimatic conditions across the westerly route (Xu et al., 2019), they may also potentially influence the location and occurrence of dust storms. Therefore, factors that modulate regional or global temperature gradients are also expected to influence global dust storm occurrence. One hot issue is that whether the recent decreasing dust storm frequency is related to the greenhouse-gas-triggered global warming. Numerical simulations suggest that, in contrast to the natural solar forced warming, the greenhouse-gas-triggered warming may lead to a decrease in zonal sea surface temperature gradient and a noticeable increase in atmospheric static stability (Vecchi et al., 2006; Liu et al., 2013), which is therefore potentially conducive to decreasing wind speed and dust storm frequency/intensity. Therefore, providing the anthropogenic global warming continues, the dust storm frequency/intensity over ACA is expected to remain low or further decrease.



CONCLUSION

We reconstructed an approximately 160-year long dust storm history using high-resolution sedimentary sand fraction (>64 μm) retrieved from a core in Lake Karakul, ACA, and examined the relationship between dust storms, climate factors, and general atmospheric circulations. Our results show that the sand fraction (>64 μm) in lake sediments significantly decreased over the past 160 years, suggesting an obvious decrease in dust storm frequency/intensity during the recent/modern epoch. The dust storm frequency/intensity generally became high during the cold conditions (AD 1870s–1910s), and remained relatively low in the current warm period. The decrease in dust storm frequency/intensity was tentatively attributed to the rising temperature and decreasing wind speed. We contend that the dust storm activity may remain low or further decrease over the ACA area in the context of continued global warming.
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